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Abstract. We present an overview of all the cosmic shear results obtained so 
far. We focus on the 2-point statistics only. Evidences supporting the cosmological 
origin of the measured signal are reviewed, and issues related to various systematics 
are discussed. 



1 Introduction 

The cosmic shear is a gravitational lensing effect caused by the large scale 
structures in the universe on the distant galaxies. Its net effect is to distort 
coherently the galaxy images over large angular scales and to change the focus- 
ing properties of the light beam (galaxies appear larger or smaller depending 
on the intervening mass density). Only the former effect is 'easily' measurable, 
and is the one we will discuss here. The latter, which has been measured in 
some cluster lensing cases, is much more challenging for cosmic shear purposes. 

The measurement of the amplitude of the cosmic shear as a function of 
scale is a direct indicator of the projected mass power spectrum, convolved 
with a selection function which only depends on the cosmological parameters 
and the redshift distribution of the sources. It is therefore a tool for evaluating 
the mass distribution in the universe, as well as for measuring the cosmological 
parameters. In the following, we first outline the theory of cosmic shear, and 
its link to measurable quantities in Section2. We discuss the measurements 
and the systematics in Section 3. Section 4 is a discussion of the cosmological 
parameters measurements and the still open problems associated with it. 



2 Theory 

In the presence of mass inhomogeneities, a light ray is deflected, and it is 
observed at an angular position (3 on the sky instead of at its intrinsic location 
0. The mapping between the two position angles defines the amplification 
matrix A 
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Figure 1: The left panel is a 3-dimcnsional mass power spectrum for the 
linear (dashed) and non-linear (solid) regimes when baryons are included. A 
value of Ob = 0.05 was used. The right panel shows the induced convergence 
power spectrum (Eq.3) for the two dynamical regimes. Other parameters are 
Ocdm - 0.25, O a = 0.7, a a = 0.9, h = 0.7, z sourcc = 0.8. 



where the convergence k and the shear 7 = (71,72) are given by the second 
derivatives of the projected gravitational potential ip: 

« = \ (<P,U + <P,22) ; 7l = ^ (<P,11 - ¥,22) ; 72 = <P,12- (2) 

The central quantity in cosmic shear analysis is the convergence power 
spectrum P K (k), which relates any cosmic shear two point statistics to the 
cosmological parameters and the 3-dimensional mass power spectrum P3n(k): 



p K (k) = 9 -n% f WH 4^ p ™ (t^v™) 

4 Jo a 2 {w) \f K (w) J 

(3) 

where Jk(w) is the comoving angular diameter distance out to a distance 
w (wh is the horizon distance), and n(w(z)) is the redshift distribution of 
the sources. The mass power spectrum PzD{k) is evaluated in the non- linear 
regime [24] , and k is the 2-dimensional wave vector perpendicular to the line-of- 
sight. Figure 1 is an example of 3-dimensional and convergence power spectra 
for comparison. A fair amount of baryons was included (using CAMB [17]), 
in order to show that the baryon oscillations, which are clearly visible on the 
3D spectrum, are severely diluted in the projected spectrum. 

The cosmic shear effect is measured from the ellipticity e of the galaxies, 
which is assumed to be fully described by their second order moments M. of 
the surface brightness 1(9): 
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Figure 2: Lensing statistics predictions for the cosmological model used in 
Figure 1. Both linear (dashed) and non-linear (solid lines) regimes are repre- 
sented. On the bottom- right plot, the thick dashed and solid lines are the full 
shear correlation function. 



M« = J 1(6)6,6^6; e={ ^ , ^j. (4) 

To first order in the lensing amplitude, e is an unbiased estimate of the shear 
7. The three most commonly measured 2-point statistics are respectively the 
shear top-hat variance [19, 1, 13], the aperture mass variance [14, 23] and the 
shear correlation function [19, 1, 13]. They are all different measurements of 
the same quantity, the convergence power spectrum P K (k): 
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where J n is the Bessel function of the first kind, and 9 C is the smoothing 
radius (or the pair separation for the shear correlation functions). Figure 2 
is an example of lensing quantities predictions for the same cosmology as in 
Figure 1 . It shows the importance of the non-linear corrections for scales below 
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Figure 3: Integrants of the different lensing statistics (Eqs.(5,6)) for the linear 
(clotted line) and non-linear (solid line) regimes. From top to bottom: top- 
hat variance, aperture mass and total correlation function. The vertical axis 
is arbitrary, and the three columns correspond to 9 C = 3deg, ldeg and 6' 
respectively. 

30' to 1 degree. An illustration of the difference between the linear and non- 
linear regimes is done by plotting the integrants of Eqs.(5, 6) as in Figure 3. 
Figures 2 and 3 make it clear that the lensing signal is dominated by the first 
few peaks in the smoothing kernel, with a transition linear/non- linear around a 
smoothing scale of 1 degree, depending slightly on the statistic under interest. 

3 Observations 

3.1 Two-point statistics 

There are now several evidences of the cosmological origin of the measured 
signal: 

(a) The consistency of the shear excess variance measured from different 
telescopes, at different depths and with different filters. This is summarized 
on Figure 4. 
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Figure 4: Compilation of recent results of top-hat shear variance measurements 
from several groups [21]. 

(b) On a single survey, the self consistency of the different types of lensing 
statistics as given in Eqs.(5,6) [27]. 

(c) The E, B modes decomposition separates the lensing signal into curl 
and curl-free modes [5]. It is expected, and it can also be quantified on the star 
field [28], that residual systematics equally contribute to E and B, while the 
lensing signal should be present ONLY in the E mode. This is a consequence 
that gravity derives from a true scalar field [25]. The E mode is identical to 
the aperture mass statistic Eq.(5) [14, 23], while the B mode can be computed 
in the same way by rotating each galaxy by 45 degrees. The E and B modes 
have been measured in several surveys [27, 28, 20, 9, 4], and support the 
cosmological origin of the signal, showing also the already small amount of 
residual systematics achieved with today's technology. Figure 5 shows such 
measurements for the VIRMOS-DESCART 1 2 and RCS 3 surveys. 

(d) The lensing signal is expected to decrease for low redshift sources, as 
consequence of the lower efficiency of the the gravitational distortion. This 
decrease of the signal has been observed recently for the first time, when 
comparing the VIRMOS survey aperture mass [28] which has a source mean 
redshift around 0.9 to the RCS which has a source mean redshift around 0.6. 
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1 http:/ /www. astrsp-mrs.fr 

2 http://terapix.iap.fr/DESCART 

3 http:/ /www. astro. utoronto.ca/ gladders/RCS/ 
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Figure 5: Left: E (top) and B (bottom) modes measured in the VIRMOS 
survey. Right: E (top) and B (bottom) modes measured in the RCS survey. 
The B mode is low and the E mode compatible with the predictions for the 
aperture mass statistics. 



The expected decrease in signal amplitude is about 2, which is what is observed 
(see Figure 5). 

(e) Space images provide in principle a systematics-free environment, and 
even if the observed areas are still smaller than ground based observations, 
space data provide ideal calibrations of the cosmic shear signal [22, 7, 21], 
which are in excellent agreement with ground based measurements. 

3.2 Systematics 

As we said, any 2-points statistic can be decomposed into the so-called E and 
B modes channels, which separate the cosmological signal from the system- 
atics [5, 20]. Figure 6 shows 4 the E and B modes that have been measured 
so far, using the aperture mass only (this is the statistic which provides an 
unambiguous E and B separation [20]). The two deepest surveys have large 
scale B mode contamination [28, 6], and the two shallow surveys have small 
scale contamination [9, 12]. 

The source of systematics is still unclear. It could come in part from an 
imperfect Point Spread Function correction, but also from intrinsic alignment 
of galaxies. The later effect has been observed for dark matter halos in sim- 
ulations, but it is still difficult to have a reliable prediction of its amplitude. 

4 The B mode peak at 10' in [6] is due to a PSF correction error over the mosaic. It is 
gone when the proper correction is applied, Hamana, private communication. 



Hockstca, et al. van Wacrbeke, eta!. Jarvis, ei a!. Hamana,et ah 



- H | 




1 




i 




1 

1 a 

- p 


O 

o 

- 


1 1 1 LJ 

if Wi ~ 




_l 1 1 1 1 1 1 _ 




_l 1 1 1 1 - 


i i i 1 i i i 


ill 


1 

1 



1 10 100 1 10 100 1 10 100 1 10 100 

Angular Scale (arcminutes) 



Figure 6: Plot showing the relative amplitude of the E and B modes (points 
without and with error bars respectively) for the surveys where the aperture 
mass has been measured [9, 28, 12, 6] (picture taken from [12], and extended) 
The result of [9] is for the full magnitude range, while in Figure 5, right panel, 
it is for the galaxies used for the cosmic shear analysis. 

Nevertheless, it is not believed to be higher than a 10% contribution for a 
lcnsing survey with a mean source redshift at z s = 1. In any case, intrinsic 
alignment contamination can be removed completely by measuring the signal 
correlation between distant redshift bins, instead of measuring the full pro- 
jected signal [16]. 

4 Cosmological Parameters Constraints and Conclusion 

As quoted earlier [11], the cosmic shear signal depends primarily on four pa- 
rameters: the cosmological mean density f2 m , the mass power spectrum nor- 
malization erg, the shape of the power spectrum T, and the redshift of the 
sources z s . Therefore, any measurement of the statistics shown in Section 2 
provide constraints on these parameters. A big enough lensing survey [10] will 
also provide constraints on many other parameters, but we do not discuss this 
issue here. 

Figure 7 shows the joint f2 m , as constraints obtained from the measure- 
ments of Figure 5. They are obtained only when comparing the measured 
lcnsing signal to the non-linear predictions. Indeed, the actual surveys are not 
yet big enough to probe the linear scales accurately. The non-linear power 
can be computed numerically [24], but its precision is still uncertain. Recent 
investigations show that a 10% r.m.s. uncertainty is expected, which means 
that the cosmological parameters cannot be known with better precision for 
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Figure 7: The solid lines on each plot show the 1, 2 and 3a contours of the 
VIRMOS and RCS survey, from the measurements shown in Figure 5. The 
contours have been marginalised over the source redshift and the slope of the 
matter power spectrum as described elsewhere [27, 9]. 

the moment. According to the Figures 2, 3, the transition scale between the 
linear and non-linear regimes is around 1 degree. The consequence is that 
the quoted mass normalization cr 8 is sensitive to the validity of the non-linear 
mapping at small scale. In this respect, [12] are less contaminated by this 
problem because they used the lensing signal from 30' to 100' to constrain the 
mass normalization. 

Table 1 summarizes the as measurements for all the lensing surveys pub- 
lished so far. For simplicity it is given for TO = 0.3. Despite the differ- 
ences among the surveys, it is worth to note that the results are all consistent 
within 2.5a between the most extreme cases, when poorly known parameters 
are marginalised. 

The residual B mode has been included in the analysis of the most recent 
cosmic shear surveys [28, 9, 6, 12], but we do not know yet how to deal with 
it properly: some groups [28, 9, 6] added the B mode in quadrature to the 
E errors, taking into account the correlation between various scales. The B 
mode has been substracted first from the E mode in [9], and not in [28]. This 
might probably result in a slight bias for high erg values in [28] . Unfortunately 
we have no garantee that the B substraction is the right correction method. 
Recently [12] marginalised the probabilities over E — B to E + B taken as the 
signal, which is more likely to include the 'true' B mode correction one has to 
apply. 

The B mode correction and the non-linear power spectrum predictions 
are, today, the major limitations of cosmic shear surveys. They prevent the 
measurements of cosmological parameters below 10%, even if today's lensing 



surveys could do better in principle. It is therefore very difficult to establish 
a discrepancy among the cosmic shear results today. There is probably some- 
thing to learn about basic PSF correction with the existing data, since the 
different groups get different B mode amplitude and scale dependence. This 
is still widely unexplored. 

The positive aspect is that cosmic shear is now established as a powcrfull 
tool to probe the dark matter and the cosmological parameters, and that it 
works, which was not the case only 2 years ago. There is a lot to expect from 
forthcoming surveys, with the first results expected in less than a year from 
now. 
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Table 1: Constraints on the power spectrum normalisation "as" for TO = 0.3 for a flat Universe, obtained from a given 
"statistic". "CosVar" tells us whether or not the cosmic variance has been included, "E/B" tells us whether or not a mode 
decomposition has been used in the likelihood analysis. Note that [27] and [4] measured a small B-mode, which they didn't 
use in the parameter estimation. z s and T are the priors used for the different surveys identified with " ID" . Note also the 
cosmic shear results obtained by [15, 7], which are not in the table here because they reported a shear detection, not a as 
measurement. 
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